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Buoyancy and Leakage
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Storage (Trapping) Mechanisms
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IPCC, 2005: Carbon Capture and Storage Special Report
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Energy States of Carbon

Carbon The ground state of
carbon is a mineral
carbonate

400 kJ/mole

Carbon Dioxide

60...180 kJ/mole
Carbonate

Klaus Lackner, 2004
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Source: Pruess et al. 2001

» Basalt contains about 10 wt% CaO and 6 wt% MgO
which can be used for mineral carbonation



Flood Basalt

Flood Basalt Features (e.g. Columbia River Basalt)

Flow Top:
high permeability,
4 target injection zone

" Flow Interior:
low permeability,
cap rock (seal)

Upper Flow

Flow Interior

Flow Bottom
Flow Top: vesicular to rubbly,
and/or brecciated

Lower Flow

|| Flow Bottom: vesicular to rubbly, and/or Source: Wintczak, TM, 1984. “Principal bore-

brecciated hole report - borehole RRL2” SD-BWI-TI-113,
Rev. 1, Rockwell Hanford Operations, Rich-
land, WA
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Global Significance

e Extensive basalt shields worldwide

Columbia = : Kamtchatka
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In Situ Mineral Carbonation

Dissolution of CO, and Dissociation

K

h

CO,(g) = CO (aq)

K, K,
CO,(aq) + H,0 = HCO, + H* = CO_* + 2H"

Mineral Dissolution

Mg,SiO, + 4H" -> 2Mg?** + SiO
CaAlLSi,O, + 2H" + H,0 ->'Ca*" + ALSi_O.(OH),
Mineral Precipitation

K3
(Ca**, Mg*, Fe*") + CO,* = (Ca, Mg, Fe)CO,(s)



CO, Immobilization

+ CO,(aq)

Calcium - Dissolved (Ca, Mg, Fe)
Magnesium + — Carbonate
Silicate Rock CO,
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Palisades Sill - Newark Basins
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CO, Injection Experiments
Objective

Study in situ CO,-water-rock reactions and define in situ bulk rock
dissolution rates or the acid neutralization capacity

Test Facts

2004 2005
Injection Fluid Surface Water Formation Water
pH 3.5 4.8
P.o, (atm) 8 atm 1 atm
Tracers Cl, Br Cl, 6180, &°H, SF,
Injection Volume (m?3) 1.4 m3 1.4 m3
Incubation Time (days) 7 days 20 days




CO, Injection Zone
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Single Well Push-Pull Test

Formation Water or Reaction Test Pumping
Surface Water Injection and Sampling

- |

Injection Phase Incubation Phase Pumping Phase

< > <€ > <€ >
1 day 7 or 20 days 5 to 7 days
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Breakthrough Curves
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extracted volume / injected volume

extracted volume / injected volume

extracted volume / injected volume

fi = (Cmeasured - Cbackground) / (Cinjected)

Matter et al. 2007, G3
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Mixing

2005 Injection Test
0.50 0.50
y=1.06+0.01 y =0.90 +0.00

0.40{ R=0094 040] R2=0098
a 0.30; 30.30-
><0.20; ><0.20.

0.10; 0.104

0.00 . : : 0.00 : : .
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X§*0 X5"0
[Tracer] . water = X [Tracer],, + (1-X) [Tracer]gy,
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Water-Rock Reaction

8 0.7
T i = 0.6}
= 5 2
> ® E 0.5
E 5 8] ~—
é 4 " = 0.4
=
= ® ‘w 0.3
.g 3 o d:)
o
1 ) = 0.1
0 2 4 6 8 10 0 2 4 6 8 10
Chloride (mmol/L) Chloride (mmol/L)
B ambient aquifer water @ water after injection
A injection solution @® water after injection

Matter et al. 2007, G3
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Dissolution Rates

T R= Creact(t) 'Vpumped (t)/tr - A
gspe
N§ . ;; \ * Ca-release rate 9x10°® mmol/cm?2/h
é I%i -> 0.08 g/m?/day
% -7 ) : * Mg-release rate 5x10”7 mmol/cm?/h
g ) " ->0.003 g/m2/day
2 Y 5 g 8 * Columbia River Basalt dissolution rate
@ Calcium (laboratory) P A Magnesium (laboratory) 0.025 g/m?/day (McGrail et al. 2006)
O Calcium (field) /\ Magnesium (field)

Matter et al. 2007, G3
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Calcium Source
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CaCO3
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Assayag et al. () 2008, Chemical Geology (in review)



Carbon Isotope Tracer
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Assayag et al. (2008), Chemical Geology (in review)
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Mass Balance of CO, Consumption

(moles)
Injected Pumped Reacted H,CO, H,CO; reactedby  H,CO, H,CO,
H,CO, H,CO, H,CO, reacted by dissolution of reacted by  reacted by
mixing carbonates cation ex- silicate

PN change dissolution

Mean 53 25 28 0.7 @ 5.9 5
Sigma 5 5 0.25 3 4.5

Carbonate Dissolution > Cation Exchange >

Ca, Mg Silicate Dissolution > Mixing
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Carb-Fix Project, Iceland
http://www.or.is/English/Projects/CarbFix/
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CARB-FIX PROJECT ICELAND
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400 kg/s of steam, gas.and water.from
<deep and hot (>240 ° C) geothermal wells

Hellisheidi geothermal power plant
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Sigfus M4rPétursson



Conclusions

* Altered surface area of pores may affect in-situ mineral carbonation capacity

* Dissolution of secondary minerals may significantly contribute to the CO,
neutralization

* Difference in dissolution rates suggest different mineral sources since the
molar amount of Ca, Mg in dolerite is the same.

* Basalt formations, such as the continental flood basalts provide the porosity
and permeability as well as the geochemical reactivity needed to permanently
store large amounts of CO, by in-situ mineralization

* The dissolution rate increases by about 30( = 15) times with a 10-fold increase
in H* concentration for Ca, and 15(=*6) times for Mg. The pH dependence of the
dissolution rate for calcium is therefore twice as large as the one for magnesium.
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